Summary: Cerebral oxygenation initially increases and later decreases in rats subjected to experimental status epilepticus. In this study, we have compared cerebral ox ygen supply and vascular changes during paroxysmal events of different durations and at different time inter vals to test the hypothesis that oxygen insufficiency is associated more readily with paroxysmal events of greater intensity. Continuous measurements were made of local changes in cortical blood volume, redox levels of cyto chrome a,a3, cortical Po2, and systemic arterial blood pressure during recurrent seizures induced by pentylene tetrazol or bicuculline. In contrast to expectations, sys temic and cerebral vascular responses and associated in creases in cerebral oxygenation were better maintained during long-duration ictal episodes than during short-duLocal brain O2 supply is regulated in proportion to the intensity of local functional activity and met abolic demand (Kuschinsky and Wahl, 1978) . The question remains, however, whether this relation ship is maintained during recurrent seizures (Plum et aI., 1974; Meldrum and Nilsson, 1976; Blennow et aI., 1978; Kreisman et aI., 1983a). In previous studies, we demonstrated that there is a transition from oxygen sufficiency to insufficiency in cerebral cortex during recurrent seizures (Kreisman et aI., 1981b(Kreisman et aI., , 1983a. Oxygen sufficiency during early sei zures was signaled by increases in cerebral P02 and shifts toward oxidation of the terminal member of the mitochondrial respiratory chain, cytochrome a,a3. Later seizures, however, were accompanied by cortical oxygen insufficiency, signaled by de creases in cerebral P02 and shifts toward reduction of cytochrome a,a3' Early seizures were accompa nied by increases in both cerebral blood volume and arterial blood pressure, but one or both of these responses was absent or markedly attenuated during later seizures.
Local brain O2 supply is regulated in proportion to the intensity of local functional activity and met abolic demand (Kuschinsky and Wahl, 1978) . The question remains, however, whether this relation ship is maintained during recurrent seizures (Plum et aI., 1974; Meldrum and Nilsson, 1976; Blennow et aI., 1978; Kreisman et aI., 1983a) . In previous studies, we demonstrated that there is a transition from oxygen sufficiency to insufficiency in cerebral cortex during recurrent seizures (Kreisman et aI., 1981b (Kreisman et aI., , 1983a . Oxygen sufficiency during early sei zures was signaled by increases in cerebral P02 and shifts toward oxidation of the terminal member of the mitochondrial respiratory chain, cytochrome a,a3. Later seizures, however, were accompanied ration ictal bursts, interictal spikes, or evoked potentials. Short-duration paroxysmal events were often accompa nied by decreases in cerebral oxygenation, whereas long duration events were still accompanied by increases in oxygenation. Ictal bursts occurring with short interburst intervals caused a more rapid failure of vascular respon siveness than those occurring at longer intervals. These relationships of intensity and frequency of repetition of seizures to changes in vascular responses indicate pro gressive dissociation of the normally tight couple between neuronal activity, energy demand, and cerebral blood flow during status epilepticus. Key Words: Cerebral oxidative metabolism-Cerebrovascular reactivity-Seizures Status epilepticus.
by cortical oxygen insufficiency, signaled by de creases in cerebral P02 and shifts toward reduction of cytochrome a,a3' Early seizures were accompa nied by increases in both cerebral blood volume and arterial blood pressure, but one or both of these responses was absent or markedly attenuated during later seizures.
To investigate further the role of vascular changes in the transition to O2 insufficiency during recurrent seizures, we have compared cerebral Po2, reduc tion/oxidation (redox) shifts of cytochrome a,a3, and vascular changes during paroxysmal events of dif ferent durations and frequencies. In contrast to ex pectations, vascular responses and oxygen suffi ciency were better maintained during long ictal bursts than during either short ictal bursts, interictal spikes, or evoked potentials. As a result, transition from increases in cortical P02 and oxidative shifts of cytochrome a,a3 to decreases in P02 and reduc tive shifts of cytochrome a,a3 occurred in associa tion with short ictal bursts when long bursts were still associated with oxygen sufficiency. We con clude that oxygen sufficiency during seizures is not determined in constant proportion to the magnitude of oxygen demand but is influenced also by the cou pling between oxygen demand and local cerebral blood flow. This coupling apparently changes when seizures occur repetitively.
METHODS
Wistar rats (250-350 g) were anesthetized and prepared for optical and electrode monitoring in a manner de scribed previously (Kreisman et aI. , 1981a (Kreisman et aI. , , 1983b . One of three anesthetics was employed: sodium pentobarbital (45 mg/kg, i.p.), ketamine (150 mg/kg, i. p. ), or a mixture of nitrous oxide (70%) and oxygen (30%). When nitrous oxide anesthesia was employed, the animals were anes thetized initially with ether using a face mask. In all rats, cannulae were inserted into the trachea for positive pres sure ventilation, into a femoral artery for blood pressure monitoring and blood gas sampling, and into a femoral vein for drug administration. Mechanical ventilation was initiated following administration of d-tubocurarine (1.4 mg, i.p.). Animals anesthetized with pentobarbital or ke tamine were respirated with a mixture of 30% O2 and 70% N2. Stroke rate and volume of the respirator were ad justed to maintain P a02 at > 100 mm Hg, P aC02 between 32 and 40 mm Hg, and pH from 7. 35 to 7.45 for all ani mals.
After unilateral exposure of a portion of the parietal cortex of one hemisphere, continuous recordings were made of electrocorticogram (ECoG), local cerebral ox ygen tension, changes in the reduction/oxidation ratio of cytochrome a,a 3
, and changes in local cerebral blood volume. The cytochrome and blood volume measure ments were made by dual wavelength reflectance spec trophotometry at 605 and 590 nm, respectively (Jobsis et aI., 1977) . The oxidized form of cytochrome a,a3, whether in isolation, in mitochondrial preparations, or in intact tissues, characteristically absorbs more light at 605 nm. Changes in reflectance at 590 nm were used to compen sate for absorption changes from hemoglobin and light scattering and were subtracted from reflectance shifts at 605 nm to provide the cytochrome measurement.
Reflectance at 590 nm also provided a measure of rel ative changes in local blood volume, since changes in absorption at this wavelength were shown to be due pri marily to changes in hemoglobin content in the field of observation (Jobsis et aI. , 1977; Rosenthal et aI. , 1979) .
The specific wavelengths used and the accuracy of the subtraction procedure employed to compensate for he moglobin artifact were (1) determined by comparisons of transmission and reflectance spectra (Jobsis et aI. , 1977) , (2) tested empirically in response to changes in cerebral O2 supply and demand in vivo (Rosenthal et aI., 1976 (Rosenthal et aI., , 1979 Kreisman et aI. , 1981a) , and (3) verified with ad ditional in vivo experiments conducted in the absence of hemoglobin (LaManna et aI. , 1980) . Redox changes of cytochrome a, a3 are presented as percent of full scale, where 100% represents the max imum level of light reflected from the brain during illu mination at 590 nm, and 0% represents the difference in reflectance between 605 and 590 nm. Blood volume changes are presented in relative units, where 100 relative units indicates the maximum light reflected from the brain at 590 nm. These calibrations were conducted at the be ginning of each experiment under normoxic conditions. Although these procedures provide a method for stan dardizing optical measurements, the absolute amount of light reflected from the brain of each animal can vary. This means that the relative units of measurement used in these experiments cannot be interpreted to indicate either the absolute redox state of cytochrome a, a3 or the percent change in cerebral blood volume.
In some experiments, focal measurements of cerebral cortical P02 were made with oxygen-sensing microelec trodes, constructed from lO-fJ.m diameter platinum-iri dium wire etched to a I-fJ.m tip and insulated with glass (Kreisman et aI. , 1979) . The electrodes were polarized from -0. 6 to -0. 8 V with respect to an Ag-AgCI ref erence electrode located on a neck muscle and connected to ground. A voltage clamp circuit maintained a con stant polarization voltage, so that the current output of the electrode was a linear function of Po2. The electrode tip was positioned -0. 5 mm below the cortical surface in the center of the 3-mm diameter field used for spectro photometry. Thus, P02 measurements were made from a relatively small volume of cortex (-50 fJ.m3) (Kreisman et aI. , 1981a) , compared to the volume from which optical measurements of redox changes in cytochrome a, a3 and changes in blood volume were made (-7 mm3).
Two Ag-AgCI wire electrodes were placed on the dura, astride the optical field, for recording the ECoG. A bi polar electrode (tip separation, 1 mm) was placed on the dural surface within the optical field for direct cortical stimulation. Stimulation consisted of 2-s trains of square wave pulses (0. 5 ms duration, 20 Hz) applied with a Grass model S44 stimulator via a stimulus isolation unit. Pulse voltages were kept above threshold for producing a no ticeable negative shift in the cortical extracellular poten tial ("steady potential," SP), and below threshold for producing spreading cortical depression. SP shifts were recorded between the two ECoG electrodes with a high input impedance, DC-coupled amplifier.
Slow i. v. injections of either pentylenetetrazol (PTZ) (100 mg/ml) (27 rats) or bicuculline (4 mg/ml) (20 rats) were used to elicit individual electrographic seizures at intervals of 5-10 min. After a variable number of indi vidual seizures was induced in this manner, repetitive sei zures often occurred spontaneously without additional in jections. We have shown in a previous study (Kreisman et aI. , 1983b ) that there were no appreciable differences in the basic pattern of ECoG, oxidative metabolic, and vascular responses with recurrent seizures evoked by the various convulsant agents and under the different anes thetics used in this investigation.
RESULTS

Influence of seizure duration on vascular and oxidative metabolic responses during recurrent seizures
Early seizures in a series were accompanied by transient oxidative shifts of cytochrome 0,03, whereas later seizures were accompanied by shifts toward reduction of this cytochrome, in agreement with previous results (Kreisman et aI., 1981b (Kreisman et aI., , 1983a . The occurrence of transition from seizure induced oxidation to reduction of cytochrome a, a3 varied within a series of seizures, however, de pending upon the duration of individual paroxysmal events. Within a given series, oxidative responses associated with seizures of shorter duration often underwent transition to reductive responses earlier than responses associated with longer duration sei zures. Whenever such a transition took place, it was associated with failure of cerebral blood volume and/ or systemic arterial blood pressure to increase ap preciably. Figure I shows examples of oxidative and vascular responses associated with four ictal bursts of different durations that occurred within 60 min of one another, as part of a series of PTZ-induced electrographic seizures in the same rat. The traces in Fig. IA-D are presented in order of decreasing duration of ictal bursts of ECoG activity (although their order of occurrence was A-D-B-C). The mag nitude of the oxidative shift of cytochrome a, a3 ap peared to be related to the duration of the ictal burst and to the extent of the associated increases in ce rebral blood volume and systemic arterial blood pressure ( Fig. lA-C) . Brief ictal bursts, however, were associated with reductive rather than oxidative responses of cytochrome a, a3 (Fig. ID) . Arte rial blood pressure and/or local cerebral blood volume failed to increase appreciably in this case. Such reductive responses occurred despite the fact that subsequent ictal bursts of longer duration were still accompanied by oxidative shifts of cyto chrome a, a3'
The influence of duration of individual parox ysmal events on associated metabolic and vascular responses was more apparent when responses to ictal and interictal discharges were compared (Figs. 2 and 3). Figure 2 shows typical records of interictal discharges and associated responses of cerebral POz, cytochrome a,a3, blood volume, and systemic blood pressure during PTZ-induced status epilepticus. In terictal spikes always were accompanied by de creases in cerebral P02 and cytochrome a, a3 reduc tion, with the exception that P02 decreases were difficult to observe whenever baseline values were close to 0 mm Hg. For example, decreases in P02 are not obvious in Fig. 3 because baseline POz was low, and small decreases in association with inter ictal spikes were likely obscured by POz fluctua tions caused by oscillations in systemic blood pres sure. Systemic blood pressure and cerebral blood Blood Vol. In this and all subsequent rec ords, upward deflections of the cytochrome a,a3 trace indicate increased levels of reduction, and downward deflections in dicate increased levels of oxi dation of the cytochrome. Cyt. a,a 3 red. volume responses associated with interictal spikes were considerably smaller than comparable re sponses associated with ictal bursts (Fig. 3 ), or were virtually absent (Fig. 2) . Note, however, that the reductive response in association with the third in terictal spike in Fig. 2 ECoG became transiently more reduced in association with moderate increases in cerebral blood volume and systemic blood pressure. A lack of exact corre spondence between P02 and cytochrome traces in this example is not surprising since (1) the volume of tissue from which each measurement was made overlapped but was not coincident, and (2) hetero geneity of O2 metabolism and cerebral blood flow (CBF) exist between microareas of cortex. As the burst of activity continued, however, cerebral blood volume and systemic blood pressure increased fur ther, accompanied by a rise in cerebral P02 and a reversal from reduction to oxidation of cytochrome a,a3. Apparently, a greater increase in blood volume than that associated with interictal spikes was re quired to raise cerebral P02 and shift cytochrome a,a3 toward oxidation. If the ictal burst had been shorter in duration, then only a reductive shift of cytochrome a,a3 would have been observed.
Because interictal spikes could not be evoked prior to initiation of ictal bursts, it was not possible to determine whether isolated interictal spikes could have been associated with oxidative rather than re ductive responses of cytochrome a,a3' Therefore, cerebral metabolic responses to direct cortical stim ulation were tested to determine whether oxygen supply was sufficient to meet this level of metabolic demand during recurrent seizures. In agreement with previous observations (Jobsis et aI., 1977), electro cortical stimulation was accompanied by transient oxidative responses of cytochrome a,a3, together with increases in local blood volume (Fig. 4A) . Ictal bursts of ECoG activity also were accompanied by typical oxidative responses of cytochrome a,a3 and increases in local blood volume (Fig. 4B) occurred, after which electrocortical stimulation evoked reductive rather than oxidative responses of cytochrome a,a3 (Fig. 4C ). The increment in local blood volume was attenuated in amplitude, short ened in duration, or absent when these reductive responses became apparent. Reductive responses occurred with electrocortical stimulation, despite the fact that ictal bursts continued to be accompanied by oxidative shifts of cytochrome a,a3 similar in magnitude to those observed earlier (compare Fig.  4D with 4B ). This transition from oxidative to re ductive shifts of cytochrome a,a3 in response to electrocortical stimulation occurred prior to the transition of cytochrome a,a3 that was associated with ictal bursts in five of eight rats tested. In the other three rats, direct cortical stimulation was not presented at intervals short enough to determine whether transition occurred with stimulation-evoked activity prior to that with ictal burst-evoked ac tivity. Nevertheless, as soon as reductive shifts were
observed with ictal bursts, reductive responses of cytochrome a,a3 also accompanied direct cortical stimulation. Direct cortical stimulation never evoked oxidative shifts of cytochrome a,a3 after cyto chrome responses to ictal bursts in the same series had undergone transition from oxidation to reduc tion.
Influence of timing of repeated ictal bursts on oxidative and vascular responses
To determine temporal characteristics of coupling between O2 demand and O2 delivery, comparisons were made of metabolic and vascular responses during ictal discharges that occurred spontaneously at various intervals. Increases in cerebral blood volume and systemic blood pressure and oxidative shifts of cytochrome a,a3 all were attenuated if ictal bursts of ECoG activity recurred at short intervals. Such attenuation was observed in six of nine ex periments in which repetition of ictal bursts of equivalent duration occurred fortuitously. An ex ample comparing responses to pairs of ictal bursts is shown in Fig. 5 . When two ictal bursts of ECoG activity were separated by an interval of 105 s (Fig.  5A) , the vascular and metabolic responses associ ated with the second burst were slightly attenuated. When the interburst interval was shorter (22 s; Fig.  5B ), the second burst was accompanied by even smaller increases in cerebral blood volume and sys temic blood pressure and failure of cytochrome a,a3 to become further oxidized. This basic observation held in all six positive experiments for ictal bursts that occurred at intervals of less than 1-2 min. A "critical" interval could not be determined, how ever, because of variability in durations of ictal bursts and interburst intervals. If ictal bursts con tinued to fire repeatedly at short intervals, vascular responses deteriorated further, and transition from oxygen sufficiency to insufficiency occurred with variable delay.
Changes in arterial pH may have contributed to decreased vascular responses in these seizure ex periments. In the three negative experiments cited above, arterial pH ranged from 7.35 to 7.38, whereas pH in the positive experiments was lower, ranging from 7.14 to 7.26. Blood gas data were available only in two of six animals from the latter group, however. In a larger series of 16 animals in which repetitive seizures were induced with PTZ, leading to transition, arterial pH fell from a control value of 7.39 ± 0.08 (mean ± SD) to 7.19 ± 0.13.
DISCUSSION
Simultaneous recordings of mitochondrial reduc tion/oxidation shifts and cerebral oxygen tension have provided a means to assess the ability of focal areas of brain tissue to respond to increases in en ergy demand that accompany paroxysmal activity. Oxidative and reductive responses of cytochrome a,a3 at the terminal end of the mitochondrial respi ratory chain, and NAD at the substrate end, have been observed previously during seizures (J6bsis et aI., 1971; O'Connor et aI., 1972; Mayevsky and Chance, 1975; Vern et aI., 1976; Hempel et al., 1980; Kreisman et aI., 1981b Kreisman et aI., , 1983a . Oxidative shifts of cytochrome a,a3, in conjunction with elevated brain Po2, have been interpreted to indicate oxygen suf ficiency, and reductive shifts, in conjunction with lowered brain Po2, to indicate oxygen insufficiency (Kreisman et aI., 1983a) . We have demonstrated here, by comparisons of long-and short-duration paroxysmal events, that oxygen sufficiency de pends upon adequate stimulation of vascular re sponses. Attenuation or absence of cerebral blood volume and systemic arterial blood pressure re sponses during paroxysmal discharges occurring late in a series suggests that cerebral and systemic vas cular reactivity is decreased during recurrent sei zures. We propose that this loss of cerebral and systemic vascular reactivity results in failure to in crease local CBF adequately to meet the metabolic demands of paroxysmal events. Although the changes in local cortical blood volume responses reported here suggest similar changes in local CBF, this requires confirmation by direct, continuous focal measurements of CBF. In this study, we tested the hypothesis that ce rebral susceptibility to oxygen insufficiency during recurrent seizures varies with the duration of indiBlood Vol. • ommH9
vidual episodes of ECoG activity. It was expected that transition from oxidative to reductive re sponses of cytochrome a,a3 would occur earlier in a series of seizures, with paroxysmal events having greater levels of energy demand (i.e., long ictal bursts in comparison with either short ictal bursts, interictal discharges, or direct cortical stimulation). We report, however, that oxygen insufficiency during experimental status epilepticus was more likely to accompany the short-duration, rather than the long-duration, paroxysmal events. This conclu sion is supported by three sets of observations: (1) ictal bursts of short duration could be accompanied by reductive responses of cytochrome a,a3 whereas ictal events of long duration were still associated with oxidative responses; (2) interictal discharges produced reductive responses of cytochrome a,a3 at times when ictal discharges continued to produce oxidative responses; and (3) normal oxidative re sponses of cytochrome a,a3 reversed to reductive responses earlier in a series of seizures for electro cortical stimulation than for ictal bursts. There are two possible explanations for these findings. One is that the oxygen consumption associated with inter ictal discharges, evoked potentials, or short ictal bursts is greater than that associated with long ictal bursts. The second is that the coupling between neuronal activity and local CBF may differ under each condition. It is unlikely that short-duration paroxysmal events have a higher metabolic cost than do long duration events. This is supported by observations that increases in both extracellular [K +] and cal culated O2 consumption in response to ictal bursts were greater than those in response to interictal dis charges or evoked potentials (Lothman et aI., 1975; Lewis and Schuette, 1976; Vern et aI., 1976) . Thus, it remains that differences in coupling between local neuronal activity and CBF likely exist for individual paroxysmal events of different durations which occur during status epilepticus.
We propose that ictal bursts of long duration stimulate the vasculature to increase local CBF and oxygen delivery more effectively than either short bursts, evoked potentials, or interictal discharges. In agreement with earlier investigations (Kreisman et aI., 1981b (Kreisman et aI., , 1983b , we observed a consistent as sociation between decreases in amplitude (and eventual failure) of cerebral blood volume and sys temic arterial blood pressure responses, and the transition from cerebral oxygen sufficiency to in sufficiency. These vascular responses decreased in amplitude and eventually failed to occur sooner for evoked potentials and interictal spikes than for ictal bursts. There also was a proportional relationship J Cereh Blood Flow Metahol, Vol. 3, No.3, 1983 between the magnitude of cerebral and systemic vascular responses and the magnitude of associated changes in P02 and redox shifts of cytochrome a,a3' When vascular responses were severely diminished in amplitude, phasic cerebral P02 decreases were larger, and cytochrome a,a3 became phasically more reduced (e.g., Fig. 2) . When the vascular responses were somewhat larger, there were smaller de creases in cerebral Po2, and cytochrome a,a3 re ductive shifts were smaller. If the vascular re sponses were sufficiently large (e.g., Fig. 3) , cere bral P02 increased and cytochrome a,a3 shifted to a more oxidized state during the paroxysmal dis charge. It must be emphasized, however, that this relationship applied only to responses associated with evoked potentials and interictal spikes that were superimposed upon a background of recurrent sei zures. The data also suggest that a greater level of neuronal activation is required during recurrent sei zures to elicit a vascular response equivalent to that observed in response to neuronal activation during normal conditions.
Influence of timing of repeated ictal bursts on vascular and oxidative metabolic responses
The magnitude of vascular responses to neuronal activation was influenced by the frequency of oc currence as well as the duration of individual par oxysmal events. Apparently, the coupling between cerebral oxidative metabolism and blood flow is such that a recovery period is required for a full return to responsiveness following each burst of parox ysmal activity. This idea is supported by reports describing progressive decreases in cerebrovas cular reactivity (Kontos et aI., 1978; Blennow et aI., 1979) , cerebrovascular resistance (Magnaes and Nomes, 1974) , and the magnitude of phasic increases in CBF (Shalit, 1965; Caspers and Speckman, 1972) during recurrent seizures. These cerebrovascular changes already have been impli cated in the transition of cerebral P02 responses from increases to decreases and cytochrome a,a3 responses from oxidations to reductions (Caspers and Speckman, 1972; Kreisman et al., 1981b Kreisman et al., , 1983a . Collectively, these data suggest that transition from oxygen sufficiency to insufficiency during recurrent seizures is caused by uncoupling of appropriate ce rebrovascular responses from neuronal and meta bolic activity. Such a conclusion is supported by reports that CBF is markedly decreased later in a series of recurrent seizures in association with a decrease in cerebrovascular reactivity (Blennow et aI., 1979; Heiss et aI., 1979) .
The finding that the magnitude of increases in arterial blood pressure during ictal bursts also was influenced by the interburst interval indicates that coupling between cerebral oxidative metabolism and CBF during seizures must include a link to systemic vascular control (Plum et aI., 1974; Wasterlain, 1974; Wasterlain and Graham, 1980; Ancri et aI., 1981) . Inadequate systemic blood pressure during seizures had been shown previously to decrease cerebral POz, reverse responses of respiratory chain members from oxidation to reduction (Plum et aI., 1968; Vern et aI., 1976; Hempel et aI., 1980; Kreisman et aI., 1981b) , and cause cerebral metabolic derangements characteristic of ischemia (Astrup et aI., 1979; Vern et aI., 1979) . It has been suggested that any de crease in CBF below normal in recurrent seizures during which the cerebral metabolic rate for oxygen (CMROz) increases two-to threefold likely should induce cerebral ischemia, since low CBF levels would not supply sufficient Oz to meet such an in creased level of demand (Meldrum and Nilsson, 1976; Astrup et aI., 1979; Heiss et aI., 1979) .
The mechanisms underlying loss of both cerebral and systemic vascular reactivity are not estab lished. However, the dilation of cerebral vessels that is required to adequately increase CBF (Plum et aI., 1974; Kreisman et aI., 1983a) could become mal adaptive if vessel tone were not reestablished quickly after an ictal episode. If cerebral vasodilation per sisted, it would be difficult to shunt more blood to those local regions that had the greatest needs during subsequent seizures. Thus, despite elevated basal blood flow rates, local demand might still exceed supply in local regions with large increases in met abolic rates. The development of acidemia during recurrent seizures (Meldrum and Horton, 1973; Wasterlain, 1974; Wasterlain and Graham, 1980) could be of particular importance in loss of periph eral vessel tone, since increased blood [H +] de creases peripheral noradrenergic vasoconstriction (Kuschinsky and Wahl, 1978) . Blood gas data from the present study also confirm that decreased ar terial pH accompanied transition, but further inves tigation is necessary to prove cause and effect.
The finding here that status epilepticus is asso ciated with oxygen insufficiency may, at first, ap pear to contradict some earlier reports. For ex ample, it was stated that cerebral energy charge was unchanged during recurrent seizures (Chapman et aI., 1977; Blennow et aI., 1978; Howse, 1979) . More recently, however, one of these laboratories re ported a clear deterioration of the energy state in cerebral cortex and hippocampus after 2 h of status epilepticus (Folbergrova et aI., 1981; cf Chapman et aI., 1977; Blennow et aI., 1978) , confirming an earlier study by Duffy et aI. (1975) . In addition, it has been reported that CMROz was only moderately decreased despite a large decrease in CBF late in recurrent seizures (Meldrum and Nilsson, 1976; Chapman et aI., 1977; Blennow et aI., 1979) . Inter pretation of CMROz data must take into account that such measurements indicate steady-state met abolic activity of relatively large tissue volumes. The cytochrome a,a3 and POz measurements signal metabolism on a kinetic basis and may provide tem poral and spatial resolution of metabolic changes not possible by more global, steady-state tech niques. Thus, transient focal changes in cerebral oxygen sufficiency may occur without a concomi tant change in mean CMROz.
In conclusion, maintenance of oxygen sufficiency during recurrent seizures was shown to be depen dent upon the magnitude of both local and systemic vascular responses. Vascular responses, in turn, were dependent upon the duration and timing of paroxysmal events. We propose that the decreased vascular responses and oxygen insufficiency that develop first in association with short-duration par oxysmal events represent the earliest signs of pro gressive loss of vascular reactivity during recurrent seizures. Loss of vascular reactivity, superimposed upon generalized vasodilation, is hastened if ictal bursts recur with short intervening intervals. This results in progressive development of transient ep isodes of oxygen insufficiency in association with each burst of paroxysmal activity. We speculate that repeated failure of the vascular system to deliver sufficient oxygen to meet demands during spikes or bursts can cause the neuronal damage that has been reported in prolonged status epilepticus (c/. Meldrum, 1981; Siesjo, 1981) .
